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The purified T-antigen origin binding domain binds site specifically to site II, the central region of the simian
virus 40 core origin. However, in the context of full-length T antigen, the origin binding domain interacts poorly
with DNA molecules containing just site II. Here we investigate the contributions of additional core origin
regions, termed the flanking sequences, to origin recognition and the assembly of T-antigen hexamers and
double hexamers. Results from these studies indicate that in addition to site-specific binding of the T-antigen
origin binding domain to site II, T-antigen assembly requires non-sequence-specific interactions between a
basic finger in the helicase domain and particular flanking sequences. Related studies demonstrate that the
assembly of individual hexamers is coupled to the distortions in the proximal flanking sequence. In addition,
the point in the double-hexamer assembly process that is regulated by phosphorylation of threonine 124, the
sole posttranslational modification required for initiation of DNA replication, was further analyzed. Finally,
T-antigen structural information is used to model various stages of T-antigen assembly on the core origin and
the regulation of this process.

Recent studies have established many of the factors required
for initiation of DNA replication in eukaryotic organisms (re-
viewed in references 3 and 75). However, at the molecular
level, this process is still poorly understood. In higher eukary-
otic organisms this situation reflects, in part, the failure to
identify sequences that define origins of replication (26). As a
result, little is known about the protein-DNA interactions that
are essential for initiation of replication. A further limitation is
that structural information is available for only a few of the
proteins involved in initiation of eukaryotic DNA replication.

Therefore, basic issues related to initiation of eukaryotic
DNA replication have been addressed by using viral model
systems. One of the more useful viral model systems for study-
ing DNA replication is simian virus 40 (SV40) (reviewed in
references 8, 25, and 61). The SV40 origin of replication is well
defined (reviewed in references 5 and 8), as is the viral initiator
protein, termed T antigen (T-ag), a 708-amino-acid phospho-
protein containing several domains (8, 25, 61). Moreover, the
interaction of T-ag with the core origin has been extensively
studied (reviewed in references 8, 25, and 61). A further ad-
vantage afforded by this system is that considerable informa-
tion about the structure of T-ag has been obtained. For in-
stance, the structure of the T-ag domain that site-specifically
binds to the SV40 origin, the origin binding domain (T-ag-obd)
(residues 131 to 260), was determined by nuclear magnetic
resonance methods (41). In addition, crystallographic tech-
niques were used to determine the structures of the J domain-
containing (11, 67) N terminus of T-ag (residues 7 to 117) (35)
and the C-terminal helicase domain (residues 251 to 627) (39).
That this structural information is of general interest to the
replication field was demonstrated by recent studies, for exam-

ple, those that established that the structure of the T-ag-obd is
nearly identical to those of the papillomavirus E1 DNA bind-
ing domain (21), the DNA binding domain from adeno-asso-
ciated virus (28), and the catalytic domain of Rep, the initiator
protein of tomato yellow leaf curl virus (12). These observa-
tions have raised the possibility that viral initiators interact
with their origins via conserved mechanisms. Moreover, struc-
tural homology between viral and cellular J domains have been
reported (see references 11 and 35 and references therein). In
addition, the recent determination of the structure of the C-
terminal domain of T-ag has provided a wealth of information
regarding the organization and functioning of a eukaryotic
helicase (39).

When T-ag monomers assemble on the core origin, they
oligomerize into hexamers and double hexamers (15, 31, 44,
49); preformed hexamers may also bind to origin-containing
DNA (72). When assembled into a double hexamer, T-ag is
able to function as a helicase (1, 14, 64, 68). Electron micros-
copy studies have provided additional information regarding
the structures of T-ag hexamers (43, 44, 56, 74) and double
hexamers (73). For example, they revealed that T-ag hexamers
are planar rings containing a central hole through which DNA
was proposed to pass (56, 73, 74), a conclusion supported by
more recent studies (39). They also established the relative
positions of T-ag domains within the hexamers; for instance,
the N-terminal face of the hexamer contains the J/T-ag-obds,
and the C-terminal side contains domains required for ATP
hydrolysis and helicase activity (39, 73, 74). Less is known
about the structure of T-ag double hexamers; nevertheless,
double hexamers assembled on the core origin have been im-
aged by negative-staining techniques (73). Among the findings
of these studies is that the J/T-ag-obds are situated at the
hexamer-hexamer interface (73), a finding consistent with pre-
vious biochemical studies (76).

Regarding the protein-DNA interactions that take place
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during assembly of T-ag hexamers on the core origin, the A1
and B2 loops (41, 62, 83) within the T-ag-obd are required for
site-specific binding to individual GAGGC pentanucleotides
within site II (34, 41, 70; reviewed in reference 8). Consistent
with these reports, the purified T-ag-obd can site-specifically
bind to oligonucleotides containing just site II (36). In contrast,
site II-based oligonucleotides are poor substrates for T-ag as-
sembly (36, 70). When assayed via electrophoretic mobility
shift assay (EMSA), T-ag assembly into hexamers requires site
II and the presence of either of the flanking sequences (36, 66).
Based on these studies, it was concluded that efficient hexamer
formation on the core origin requires at least two T-ag–origin
contacts: site-specific binding of the T-ag-obd to site II and an
additional contact(s) between the flanking sequences and res-
idues in the helicase domain of T-ag (36, 51).

The protein-DNA interactions required for double-hexamer
formation are complex, since certain of them appear to be
regulated by cell cycle-dependent phosphorylation events (2,
47, 76). For example, T-ag’s interactions with subfragments of
the core origin are regulated by phosphorylation of Thr124 (2),
an essential posttranslational modification required for initia-
tion of DNA replication (45, 47, 57). Moreover, peptides con-
taining the CDK/NLS region of T-ag interact with DNA in a
manner that is regulated by phosphorylation of Thr124 (37),
which is additional evidence that phosphorylation regulates
certain T-ag interactions with the origin.

To further characterize the protein-DNA interactions nec-
essary for T-ag and T124A assembly on the core origin, we
have analyzed the amount of flanking sequence required for
hexamer and double-hexamer formation. Molecular modeling
techniques have also been used to predict the region of the
T-ag helicase domain that interacts with the flanking sequences
during assembly on the viral origin. Moreover, to further ex-
plore the mechanism of DNA unwinding, we have examined
whether the structural distortions in the core origin (7, 51) are
coupled to double-hexamer formation or to earlier events dur-
ing T-ag assembly. Results from these studies are presented
here.

MATERIALS AND METHODS

Commercial supplies of enzymes, DNA, reagents, and oligonucleotides. T4
polynucleotide kinase was purchased from Gibco-BRL. Plasmid pBR322 DNA,
used as competitor DNA, was purified by standard procedures (54) and digested
with HaeIII purchased from New England Biolabs.

Oligonucleotides were synthesized on an Applied Biosystems 394 DNA syn-
thesizer, purified by electrophoresis through urea–10% polyacrylamide gels, and
isolated as described previously (54, 65). Double-stranded oligonucleotides, 32P
labeled at their 5� termini, were prepared by standard procedures (54, 65).

Purification of wild-type T-ag and T-ag containing the T124A mutation. SV40
T-ag and the T124A mutant were expressed in insect (Sf9) cells by using bacu-
lovirus expression vectors. The wild-type vector was previously described (50),
while the T124A expression vector was developed by L. Chen, R. Upson, and D.
Simmons (unpublished data). Proteins were purified by using immunoaffinity
techniques with the PAb 419 monoclonal antibody (19, 60). Purified proteins
were stored in T-ag storage buffer (20 mM Tris-HCl [pH 8.0], 50 mM NaCl,
1 mM EDTA, 1 mM dithiothreitol [DTT] [29], 0.1 mM phenylmethylsulfonyl
fluoride, 0.2 �g of leupeptin per ml, 0.2 �g of antipain per ml, 10% glycerol) (2,
79) and frozen at �80°C until use.

EMSAs. T-ag-and T124A-based EMSAs were conducted under SV40 in vitro
replication conditions (79). The reaction mixtures (20 �l) contained 7 mM
MgCl2, 0.5 mM DTT, 4 mM adenylyl imidodiphosphate (AMP-PNP), 40 mM
creatine phosphate (di-Tris salt [pH 7.6]), 0.48 �g of creatine phosphate kinase,
5 �g of bovine serum albumin, 0.8 �g of HaeIII-digested pBR322 (6 pmol) (used
as a nonspecific competitor), 25 fmol of double-stranded oligonucleotide (�106

cpm/pmol), and 0.5 �g of T-ag or T124A (6 pmol) as indicated. After a 20-min
incubation at 37°C, glutaraldehyde was added (0.1% final concentration), and
the reaction products were further incubated for 5 min. The reactions were
stopped by the addition of 5 �l of 6� loading dye II (15% Ficoll, 0.25%
bromophenol blue, and 0.25% xylene cyanol) (54) to the samples. The reaction
products were applied to 4 to 12% gradient polyacrylamide gels and electropho-
resed in 0.5% Tris-borate-EDTA (pH 8.4) for �1.5 h (10 W). The gels were
dried on Whatman 3MM paper and subjected to autoradiography.

KMnO4 footprinting. The KMnO4 footprinting technique (7), performed in
30-�l reaction mixtures, was conducted under replication conditions (79) as
previously described (33). DNA substrates included the core origin containing
plasmid pSV01�EP and four derivatives of this plasmid in which the core origin
was replaced with mutant origins, each containing a single pentanucleotide. For
any given mutant origin, the other three pentanucleotides were replaced with
transition mutations. As in previous studies (33, 36), oligonucleotide 1 (5� TGA
GCGGATACATATTTG 3�), 5� end labeled with [�-32P]ATP and T4 polynu-
cleotide kinase (54), was used in the primer extension reactions. Upon comple-
tion of the reactions, the samples were ethanol precipitated, washed with 80%
ethanol, and electrophoresed for �2.5 h at 1,500 V and 40 mA on a 7% poly-
acrylamide gel containing 8 M urea. The locations of the modified residues were
determined by using a dideoxy sequencing ladder (55), with oligonucleotide 1 as
the primer.

Molecular modeling of T-ag assembly on core origin subfragments. The mo-
lecular model of the T-ag monomer bound to DNA was generated by using the
computer program InsightII by MSI. Standard B-form DNA was assembled by
using the sequence of the 64-bp SV40 core origin (see reference 16 and refer-
ences therein). The T-ag-obd (41) (Protein Data Base [PDB] accession code
1TBD) was bound to pentanucleotide 1 by using the A1 and B2 loops (41, 83).
Docking was based on recent studies indicating that B2 residue His203 contacts
the middle GC base pair in the GAGGC sequence (E. M. Bradshaw et al.,
submitted for publication) and an alignment suggested by the E1-obd–DNA
costructure (22). The J domain (35) (PDB accession code 1GH6) was docked to
the T-ag-obd by using constraints previously described by VanLoock et al. (74).
The T-ag helicase domain (39) (PDB accession code 1N25) was juxtaposed next
to the C terminus of the T-ag-obd. The orientation of the helicase domain was
established (i) by aligning residues known to be in the inner channel with flanking
sequence DNA (39) and (ii) by using spatial constraints generated by previous
electron microscopy studies of T-ag hexamers (74).

RESULTS

Analyses of the helicase domain-flanking sequence interac-
tions required for hexamer formation. Efficient assembly of
monomers of T-ag, or T124A, into hexamers requires a pen-
tanucleotide (p) and either of the adjacent flanking sequences
in the origin (36, 66, 70): the early palindrome (EP) or the
AT-rich region (AT). The experiments with the results shown
in Fig. 1 and 2 were conducted to establish how much of the
proximal flanking sequence (fs) is required for hexamer for-
mation on any given pentanucleotide. (In the following sec-
tions the abbreviation fs is used to refer to sequences derived
from the EP, AT regions, and, in certain instances, site II.)

(i) Hexamer assembly on substrates containing truncations
of the flanking sequences located 5� of the pentanucleotides. In
an initial set of studies, the flanking sequence requirements for
hexamer formation on pentanucleotide 1 were determined by
using a series of truncated forms of the 48-bp p1 � EP oligo-
nucleotide (Fig. 1A, panel 1) and AMP-PNP (a nonhydrolyz-
able analog of ATP used in all of the experiments presented in
Fig. 1 to 3). Inspection of Fig. 1A, panel 2 (lanes 1 to 3),
confirms that the 48 bp p1 � EP oligonucleotide readily as-
sembles T-ag and T124A hexamers (66). The experiments for
lanes 4 to 15 were conducted with oligonucleotides containing
progressively larger truncations in the EP region. It is apparent
from lanes 4 to 6 that for either T-ag or T124A, 4 bp of the EP
can be removed without a significant reduction in hexamer
formation. However, inspection of lanes 7 to 15 reveals that
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DNA substrates smaller than the 44-bp p1 � 17fs oligonucle-
otide supported T-ag or T124A assembly at greatly reduced
levels. Based on these studies, it is concluded that T-ag assem-
bly on pentanucleotide 1 requires the GAGGC and sequences

extending into the EP for an additional 14 to 17 bp. In a second
series of experiments, the flanking sequence requirements for
hexamer formation on pentanucleotide 2 were studied by using
truncated derivatives of the 48-bp p2 � EP oligonucleotide

FIG. 1. Experiments used to establish the sequences within the EP region required for hexamer formation on pentanucleotides 1 and 2.
(A) Studies of the EP requirements for hexamer assembly on pentanucleotide 1. Panel 1, oligonucleotides used in these studies. In the DNA
sequence, lowercase boldface letters are used to symbolize the transition mutations used to replace pentanucleotides 2, 3, and 4. The 48-bp p1 �
EP oligonucleotide is the only core origin subfragment presented; however, the numbers with asterisks indicate the ends of additional oligonu-
cleotides generated as a result of progressive truncations of the EP. The wedge symbolizes the progressive truncation of these sequences in this
and subsequent figures. Panel 2, band shift reactions conducted with the indicated oligonucleotides. The reactions in lanes 2, 5, 8, 11, and 14 were
conducted with T-ag (6 pmol); those in lanes 3, 6, 9, 12, and 15 were conducted with T124A (6 pmol); and those in lanes 1, 4, 7, 10, and 13 served
as protein-free controls. The position of T-ag hexamers is indicated by H in this and subsequent figures. (B) Studies of the EP requirements for
assembly on pentanucleotide 2. Panel 1, oligonucleotides used in this set of studies. Lowercase boldface letters indicate the transition mutations
used to replace pentanucleotides 1, 3, and 4. The 48-bp p2 � EP oligonucleotide is the only core origin subfragment presented; however, the
numbers with asterisks indicate the ends of additional oligonucleotides generated as a result of progressive truncations of the EP. Panel 2, band
shift reactions conducted with the indicated oligonucleotides. The reactions in lanes 2, 5, 8, 11, and 14 were conducted with T-ag (6 pmol); those
in lanes 3, 6, 9, 12, and 15 were conducted with T124A (6 pmol); and those in lanes 1, 4, 7, 10, and 13 served as protein-free controls.
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(Fig. 1B, panel 1). Examination of Fig. 1B, panel 2 (lanes 1 to
3), demonstrates that the 48-bp p2 � EP oligonucleotide is a
substrate for hexamer formation. The experiments for lanes 4
to 15 were conducted with oligonucleotides containing pro-
gressively larger truncations in the EP region. Inspection of
lanes 4 to 12 reveals that a considerable amount of the EP can
be deleted without disrupting hexamer formation on pen-
tanucleotide 2. In contrast, very little hexamer was formed on
the 32-bp p2 � 11fs oligonucleotide. It is concluded that T-ag
assembly on pentanucleotide 2 requires the pentanucleotide
and at least 12 to 15 bp of DNA proximal to this site.

The contribution of the AT-rich region to hexamer forma-
tion on pentanucleotide 3 was examined in the next series of
reactions. It is apparent from Fig. 2A, panel 2 (lanes 1 to 3),
that hexamers readily form on the single-pentanucleotide-con-
taining 47-bp AT � p3 oligonucleotide (Fig. 2A, panel 1). To
determine how much of the AT-rich region is required for
assembly on pentanucleotide 3, additional experiments were
conducted with the truncated derivatives of the 47-bp AT � p3
oligonucleotide (Fig. 2A, panel 1). Inspection of Fig. 2A, panel
2, reveals that hexamers efficiently form on truncated forms of
the AT � p3 oligonucleotide (lanes 4 to 12) (e.g., the 43-bp
22fs � p3, 39-bp 18fs � p3, and 35-bp 14fs � p3 oligonucle-
otides). In contrast, assembly is greatly reduced on the 31-bp
10fs � p3 oligonucleotide (lanes 13 to 15). It is concluded that
T-ag assembly on pentanucleotide 3 requires the pentanucle-
otide and at least 11 to 14 bp of the AT region proximal to this
site. Finally, the flanking sequence requirements for hexamer
formation on pentanucleotide 4 were studied by using trun-
cated derivatives of the 47-bp AT � p4 oligonucleotides (Fig.
2B, panel 1). The data in Fig. 2B, panel 2 (lanes 1 to 3), confirm
previous experiments (2, 66) that demonstrated that T-ag and
T124A hexamers readily form on the 47-bp AT � p4 oligonu-
cleotide. Further inspection of lanes 4 to 6 reveals that the
43-bp 16fs � p4 oligonucleotide supports T-ag and T124A
hexamers. In contrast, hexamers assemble at reduced levels on
smaller subfragments of the origin (e.g., the 39-bp 12 fs � p4
[lanes 7 to 9], 35-bp 8 fs � p4 [lanes 10 to 12], and 31-bp 4fs �
p4 [lanes 13 to 15] oligonucleotides). These results demon-
strate that efficient T-ag assembly on pentanucleotide 4 re-
quires the GAGGC and at least 13 to 16 bp of the AT-rich
region proximal to the pentanucleotide, a length requirement
similar to that for hexamer formation at the other three pen-
tanucleotides.

Finally, T-ag assembles in an ATP-dependent manner (15,
17). Therefore, to establish whether the interactions with the
flanking sequences are altered by nucleotide hydrolysis, the
experiments in Fig. 1 and 2, which were conducted in the
presence of AMP-PNP, were repeated in the presence of ADP,
and very similar results were obtained. They were also re-
peated in the presence of ATP and in the absence of nucleo-
tides (data not shown). However, as previously reported (2,
66), greatly reduced levels of hexamers are formed in the in the
presence of ATP (a reflection of T-ag’s helicase activity [14, 27,
68]) or in the absence of nucleotide (a cofactor for hexamer
formation [39]).

(ii) Sequences 3� to a given GAGGC pentanucleotide are not
required for hexamer formation. When it is bound to the core
origin, it is unlikely that T-ag makes extensive contact with
origin sequences 3� to a given pentanucleotide. This hypothesis

is based, in part, on the observation that double hexamers
preferentially form on pentanucleotides 1 and 3 (33, 73), two
sites that are separated by only 7 bp. Therefore, the arrange-
ment of pentanucleotide pairs (e.g., 1 and 3) provides limited
room for protein-DNA contacts 3� of any given pentanucle-
otide.

To test this prediction, a series of oligonucleotides that had
progressively larger truncations of site II DNA located 3� of
pentanucleotide 1 were synthesized (Fig. 3A). After radiola-
beling (see Materials and Methods), the oligonucleotides were
used in an additional series of band shift experiments (Fig. 3B).
Inspection of this Fig. 3B (lanes 1 to 9) reveals that hexamer
formation on pentanucleotide 1 requires very little DNA 3� of
the GAGGC sequence. Furthermore, the phosphorylation sta-
tus of Thr124 did not change the sequence requirements for
T-ag assembly. However, hexamers formed at reduced levels
on a substrate (i.e., the 28-bp 3fs � p1 � EP oligonucleotide)
containing three base pairs 3� of pentanucleotide 1 (lanes 10 to
12). In addition, an oligonucleotide containing two residues 3�
of pentanucleotide 1 (i.e., the 27-bp 2fs � p1 � EP oligonu-
cleotide) was a very poor substrate for hexamer formation.
Whether the 2- to 3-bp 3� flanking region is required for pro-
tein-DNA interactions or to prevent fraying the ends of the
oligonucleotide has not been determined. Nevertheless, these
experiments confirm that hexamer formation on a given pen-
tanucleotide does not require extensive protein-DNA contacts
with sequences 3� of the GAGGC sequence.

(iii) Summary of sequence requirements for hexamer for-
mation. To illustrate the common DNA requirements for hex-
amer formation on the core origin, the sequences that support
hexamer assembly (Fig. 1 to 3) were aligned relative to the
individual pentanucleotides (Fig. 4A). The boundary regions
are shown; sequences between a given pentanucleotide and
those within its associated boundary region are necessary for
hexamer formation. Relative to the pentanucleotides, the AT-
rich boundary regions have been mapped to residues located
11 to 17 bp from the 5� ends of the GAGGC sequences.
Nevertheless, it is noted that a possible common feature of the
pentanucleotide-boundary region arrangement is a separation
of 14 bp (corresponding to �47.6 Å). The relatively exact
arrangement of the pentanucleotides and their associated
boundary regions suggests that an equally distinct spatial ar-
rangement exists in T-ag between the A1 and B2 loops in the
T-ag-obd and the DNA binding residues in the helicase do-
main (see below). In addition, the experiments conducted with
the T124A mutant demonstrated that the phosphorylation sta-
tus of Thr124 does not alter the sequence requirements for
hexamer formation, an observation consistent with previous
studies (2, 47).

To gain further insights into the spatial relationship between
the pentanucleotides and boundary regions, their relative po-
sitions were mapped on standard B-form DNA (Fig. 4B). To
construct these models, the individual pentanucleotides were
oriented such that they face out of the plane of the paper.
Inspection of Fig. 4B, panel 1, reveals that in this orientation,
the boundary region associated with pentanucleotide 1 is
within a major groove that also faces out of the plane of the
paper. Likewise, the boundary region associated with pen-
tanucleotide 4 is within a major groove that is coplanar with
the pentanucleotide (Fig. 4B, panel 2). In contrast, inspection
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of Fig. 4B, panels 3 and 4, reveals that the boundary regions
associated with pentanucleotides 2 and 3 have a different to-
pology; they are situated within both major and minor grooves.
This arrangement is of interest given that it was previously

demonstrated that hexamers preferentially form on pen-
tanucleotides 1 and 4, while levels of hexamer formation on
pentanucleotides 2 and 3 were relatively low (33). These ob-
servations suggest that hexamers preferentially form on pen-

FIG. 2. Experiments used to establish the sequences within the AT-rich region required for hexamer formation on pentanucleotides 3 and 4.
(A) Studies of the AT requirements for hexamer assembly on pentanucleotide 3. Panel 1, oligonucleotides used in these experiments. Lowercase
boldface letters indicate the transition mutations used to replace pentanucleotides 1, 2, and 4. The 47-bp p 3 � AT oligonucleotide is the only core
origin subfragment presented; however, the numbers with asterisks indicate the ends of additional oligonucleotides that were generated as a result
of progressive truncations of the AT. Panel 2, band shift reactions conducted with the indicated oligonucleotides. The reactions in lanes 2, 5, 8,
11, and 14 were conducted with T-ag (6 pmol); those in lanes 3, 6, 9, 12, and 15 were conducted with T124A (6 pmol); and those in lanes 1, 4, 7,
10, and 13 served as protein-free controls. (B) Studies of the AT requirements for assembly on pentanucleotide 4. Panel 1, oligonucleotides used
in these studies. Lowercase boldface letters indicate the transition mutations used to replace pentanucleotides 1, 2, and 3. While the 47-bp p4 �
AT oligonucleotide is the only core origin subfragment presented, the numbers with asterisks indicate the ends of additional oligonucleotides
generated as a result of progressive truncations of the AT. Panel 2, band shift reactions conducted with the indicated oligonucleotides. The
reactions in lanes 2, 5, 8, 11, and 14 were conducted with T-ag (6 pmol); those in lanes 3, 6, 9, 12, and 15 were conducted with T124A (6 pmol);
and those in lanes 1, 4, 7, 10, and 13 served as protein-free controls.
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tanucleotides associated with boundary regions situated pri-
marily in the major groove.

(iv) Modeling the binding of a T-ag monomer to the SV40
origin of replication. Given recent advances in determining the
structure of T-ag (see e.g., references 35, 39, 41, 73, and 74),
the formation of a T-ag monomer on pentanucleotide 1 was
modeled (Fig. 5). Steps taken to assemble a T-ag monomer on
core origin DNA, using the J, T-ag-obd, and helicase domains,
are described in Materials and Methods. The length of a single
hexamer has been reported to be �100 (74) to 110 (73) Å (�29
to 32 bp). In reasonable agreement, the monomer depicted in
Fig. 5 covers �115 Å (�34 bp). However, Li et al. solved the
structure of a fragment of the helicase domain extending be-
tween residues 251 and 627 (39). Given that T-ag contains 708
residues, the model is lacking 81 residues from the C terminus.
Furthermore, based on a number of observations, including
those presented in Fig. 3, the N-terminal J domain was posi-
tioned such that it does not make significant contacts with core
origin sequences 3� of a given pentanucleotide (a feature of the
model that is not readily apparent from Fig. 5). The model also
indicates that the interaction of the T-ag-obd with the 5� end of
pentanucleotide 1 terminates at the junction between site II
and the EP, a characteristic of the model that is supported by
previous phenanthroline-copper footprinting of T-ag-obd–ori-
gin complexes (33).

The location of the boundary region associated with pen-
tanucleotide 1 is based on the studies presented in Fig. 1A.

Regarding the location of the residues within the helicase
domain that contact the boundary region, it is noted that a
finger, extending between residues 503 and 523, is situated
opposite the boundary region. Residues at the apex of the loop
are highly basic (i.e., 511KKHLNKR517), a useful feature for
DNA binding; a similar cluster of basic residues is not present
in any other region of the helicase domain. Furthermore, ro-
tation of the inner channel of the helicase domain around
duplex DNA, using the program Insight II, failed to suggest
additional DNA binding motifs (data not shown). Finally, the
distance between Arg154 in the A1 loop and the apex of the
basic finger (Lys512) is �51 Å, a distance that is similar to the
47.6-Å separation between the 5� ends of the pentanucleotides
and the nucleotides located 14 bp away within the boundary
regions.

Studies of the flanking sequence requirements for double-
hexamer formation on the core origin. Having analyzed the
flanking sequence requirements for hexamer formation on in-
dividual pentanucleotides (e.g., pentanucleotide 1), we per-
formed a similar analysis of the flanking sequence require-
ments for double-hexamer formation. Reasons for conducting
these experiments included a desire to establish whether the
initially bound hexamer, presumably bound to the pentanucle-
otides proximal to the flanking sequences (e.g., 1 and 4) (66),
modulated the flanking sequence requirements for the assem-
bly of the second hexamer (e.g., 3 and 2). In addition, these
studies were performed both with wild-type T-ag, phosphory-

FIG. 3. Establishment of the extent to which sequences 3� to a given GAGGC pentanucleotide are important for hexamer formation. (A) Core
origin-based oligonucleotides, containing pentanucleotide 1, the EP, and various amounts of site II, were used to establish the minimum flanking
sequence, 3� of pentanucleotide 1, needed for hexamer formation. The 48-bp p1 � EP is the only oligonucleotide presented; however, the numbers
with asterisks indicate the ends of additional oligonucleotides used in these studies. Lowercase boldface letters indicate the transition mutations
used to replace pentanucleotides 2, 3, and 4. (B) A representative band shift experiment, conducted with the indicated oligonucleotides in the
presence of AMP-PNP. The reactions in lanes 2, 5, 8, 11, and 14 were conducted with wild-type T-ag (6 pmol), while those in lanes 3, 6, 9, 12, and
15 were conducted with the T124A mutant protein (6 pmol). As a control, the reactions in lanes 1, 4, 7, 10, and 13 were performed without protein.
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lated at Thr124 (30), and with the T124A mutant (45, 47, 57).
The use of both proteins was designed to provide further
insights into how phosphorylation of Thr124 regulates T-ag–
DNA interactions and the assembly of double hexamers.

(i) Establishment of the length of the AT-rich region re-
quired for assembly of the second hexamer. An initial series of
experiments was conducted with the 64-bp core origin oligo-

nucleotide and derivatives containing truncations in the AT-
rich region (Fig. 6A). The positions of the boundary regions
required for hexamer formation on pentanucleotides 3 and 4
(Fig. 2) are indicated. As a positive control, T-ag and T124A
double hexamers were formed on oligonucleotides containing
the 64-bp core origin (Fig. 6B, lanes 1 to 3). Double hexamers
also formed on origin subfragments containing limited trunca-

FIG. 4. Conserved sequence requirements for hexamer formation on individual pentanucleotides. (A) The four parental oligonucleotides (i.e.,
the largest origin subfragments used in the truncation studies) were aligned via their individual pentanucleotides. The boxes indicate the locations
of the boundary regions. As noted in the text, a common feature of the boundary regions may be a distance of 14 bp from the end of a given
pentanucleotide. Finally, the positions of origin residues 5216 and 5213 are indicated. As mentioned in Discussion, SenGupta and Borowiec (58)
reported that ethylation of these residues inhibited T-ag binding. (B) Positions of pentanucleotides 1, 2, 3, and 4 relative to their associated
boundary regions (underlined), projected onto B-form DNA. In these models, the pentanucleotides are projecting out of the page; the locations
of the major and minor grooves, relative to the boundary regions, are indicated.
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tions in the AT-rich region (lanes 4 to 9) (i.e., the 60-bp 16fs �
site II � EP and 56-bp 12 fs � site II � EP oligonucleotides).
Since the 12 fs � site II � EP oligonucleotide lacks the pen-
tanucleotide 4 boundary region, it is concluded that this
boundary region is not needed for assembly of the second
hexamer (compare lanes 4 to 6 and 7 to 9), a finding consistent
with preferential assembly of T-ag double hexamers on pen-
tanucleotides 1 and 3 (33, 66). On origin subfragments con-
taining progressively larger truncations (e.g., the 52-bp 8fs �
site II � EP and 48-bp 4fs � site II � EP oligonucleotides),
T-ag continued to form double hexamers (lanes 11 and 14). In
contrast, on the same substrates, T124A molecules preferen-
tially formed hexamers (lanes 12 and 15). Thus, the second
T-ag hexamer to assemble is less sensitive to truncations in the
AT-rich region than the second T124A hexamer (compare
lanes 11 and 14 with lanes 12 and 15). Moreover, these exper-
iments indicate that the boundary region associated with pen-
tanucleotide 3 is required for assembly of the second T124A
hexamer but not for assembly of the second T-ag hexamer.
Finally, it was previously demonstrated that double hexamers
readily form on the 64-bp AT � p(1,3) � EP oligonucleotide
(33). The experiments in Fig. 6B were repeated with similar
truncated forms of the 64-bp AT � p(1,3) � EP oligonucleo-
tide, and nearly identical results were obtained (data not
shown).

(ii) Establishment of the length of the EP region required
for assembly of the second hexamer. Additional studies were
conducted with oligonucleotides containing the 64-bp core or-
igin and smaller derivatives possessing truncations in the EP
region (Fig. 7A); the boundary regions required for hexamer
formation on pentanucleotides 1 and 2 are depicted. As pre-
viously demonstrated (see, e.g., Fig. 6B), T-ag and T124A
double hexamers readily form on oligonucleotides containing
the 64-bp core origin (Fig. 7B, lanes 1 to 3). Similar levels of
double hexamers form on the 60-bp AT � site II � 17 fs
oligonucleotide, although a slight increase in T124A hexamer
assembly was observed (compare lanes 5 and 6). T-ag contin-
ues to form relatively high levels of double hexamers on oli-
gonucleotides that do not contain the pentanucleotide 1
boundary region (e.g., the 56-bp AT � site II � 13 fs and 52-bp
AT � site II � 9 fs oligonucleotides [lanes 7 to 12]). In
contrast, these same oligonucleotides are progressively poorer
substrates for T124A double-hexamer assembly (compare
lanes 8 and 11 with lanes 9 and 12). Indeed, the 47-bp AT �
site II � 4fs (also termed the AT � site II) oligonucleotide,
lacking both boundary regions in the EP, supported reduced
levels of T-ag double hexamers (lane 14) and essentially no
T124A double hexamers (lane 15). Based on the data in Fig. 6
and 7, it is concluded that the second T124A hexamer will form
at normal levels only in the presence of a complete second

FIG. 5. A model of a T-ag monomer docked to the 48-bp p1 � EP oligonucleotide. The positions of two SV40 core origin domains, site II and
the EP, are indicated. Pentanucleotides 1 and 3 are shown in green, while pentanucleotides 2 and 4 are shown in yellow. The boundary region
associated with pentanucleotide 1 is shown in black. Also depicted is the region of the EP that is melted upon T-ag binding (Fig. 9) (reviewed in
reference 5). The N terminus of T-ag (residues 7 to 117) is represented in pink. The T-ag-obd (TBD) (residues 139 to 247) is in purple. The A1
and B2 binding loops, shown in light blue (reviewed in reference 8), were docked to pentanucleotide 1. The C-terminal domain (residues 266 to
627) is in dark blue. The basic finger (residues 503 to 523), depicted interacting with the boundary region associated with pentanucleotide 1, is in
red. Finally, since the structures of the J domain, T-ag-obd, and C-terminal domain were solved separately, there is some uncertainty regarding
the relative orientations of the individual domains. Moreover, there is no evidence that the J-domain-containing N terminus is actually in contact
with origin DNA (see, e.g., Fig. 3); therefore, this model should not be interpreted as suggesting DNA binding.
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assembly unit, i.e., the pentanucleotide and its associated
boundary region. In contrast, the assembly of the second T-ag
hexamer, phosphorylated on Thr124 (30), does not have an
absolute requirement for the boundary region associated with
the second pentanucleotide.

(iii) Modeling of the protein-DNA interactions required for
formation of T-ag and T124A dimers. The results from the
double-hexamer assembly experiments presented in Fig. 6 and
7 are summarized in Fig. 8. Regarding the assembly of the two
T-ag monomers that initiate double-hexamer formation (Fig.
8A), the T-ag-obd is depicted as a dimer that protects pen-
tanucleotides 1 to 3, a conclusion supported by phenanthro-
line-copper footprinting studies (33, 34). Furthermore, based
on the experiments presented here (Fig. 6B), and earlier stud-
ies of wild-type T-ag (2, 66), the model indicates that formation
of the initial hexamer requires flanking sequence contacts with
the EP, while the second hexamer assembles in a manner that
is less dependent on these interactions. A summary of the data
presented in Fig. 7B would depict the C terminus of the initial
hexamer contacting the AT-rich region, while the second hex-
amer assembles in a manner that is relatively independent of
its contacts with the EP region. These contrasting observations
suggest that the interactions between the C termini and the
flanking sequences are dynamic.

The T124A mutant is a model for T-ag prior to cell cycle
dependent phosphorylation (2, 23, 45–47, 57, 76). The present
studies demonstrate that the flanking sequence requirements
for the T124A mutant are essentially those needed for forma-
tion of two independent hexamers (Fig. 8B). Therefore, assem-

bly of both T124A hexamers requires all of the previously
described T-ag–origin interactions. This observation is consis-
tent with previous studies indicating that when two T124A
hexamers assemble on the core origin, they act as independent
species (2, 47) and make weak or inappropriate protein-pro-
tein interactions (47, 76).

Flanking sequence distortions can be detected on substrates
containing single pentanucleotides. The interaction between
the boundary regions and the basic finger is of interest from
the point of view of the mechanism of DNA unwinding. It has
been suggested that the structural distortions in the core origin
(7, 51) are generated by the opposing movement of the two
hexamers within a given double hexamer (24, 39). However, if
at least two DNA binding sites exist within a given hexamer
(the A1 and B2 loops and the basic finger within the helicase
domain), then opposing movement of T-ag domains within a
single hexamer could contribute torque necessary for the ori-
gin structural distortions. Therefore, to examine the stage dur-
ing T-ag assembly at which the structural distortions take
place, we tested whether hexamers assembled on single pen-
tanucleotides (33, 66) can distort the proximal flanking se-
quence.

Standard KMnO4 assays were used for these experiments,
using plasmids containing mutant core origins that have a
single pentanucleotide (see Materials and Methods). After the
addition of T-ag, KMnO4 assays were conducted as previously
described (7). Results from a representative study, performed
in the presence of AMP-PNP, are presented in Fig. 9. As a
positive control, a reaction was conducted with a plasmid con-

FIG. 6. Determination of how much of the AT-rich region is required for efficient double-hexamer formation on derivatives of the 64-bp core
origin. (A) DNA substrates used in this set of experiments. The 64-bp core origin oligonucleotide is the only molecule depicted; however, the
numbers with asterisks indicate the ends of additional oligonucleotides generated as a result of progressive truncations of the AT. The boundary
regions associated with pentanucleotide 3 (solid rectangle) and pentanucleotide 4 (dotted rectangle) are indicated. (B) Band shift reactions
conducted with the indicated oligonucleotides in the presence of AMP-PNP. The reactions in lanes 2, 5, 8, 11, and 14 were conducted with T-ag
(6 pmol); those in lanes 3, 6, 9, 12, and 15 were conducted with T124A (6 pmol); and those in lanes 1, 4, 7, 10, and 13 served as protein-free controls.
The positions of T-ag hexamers (H) and double hexamers (DH) are indicated.
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taining the intact core origin (lane 2); the previously described
alterations in the AT and EP regions (7, 51) are indicated. As
additional controls, the reactions in the odd-numbered lanes
were conducted with the indicated plasmids in the absence of
T-ag. Reactions performed with T-ag and plasmids containing
either pentanucleotide 4, 3, 2 and 1 are displayed in lanes 4, 6,
8, and 10, respectively. It is apparent that T-ag hexamers
formed on individual pentanucleotides are able to distort the
proximal flanking sequence at or near wild-type levels.

DISCUSSION

While scanning duplex DNA for the SV40 core origin, T-ag
interacts with the surrounding sequences via nonspecific con-
tacts, a process that requires the A1 and B2 loops in the
T-ag-obd (41, 83) and a region previously mapped between
residues 269 and 522 (40). When the origin is encountered,
T-ag undergoes a transition between nonspecific and site-spe-
cific binding. The protein-DNA interactions required for site-
specific binding to the origin include contacts between the A1
and B2 loops and the GAGGC pentanucleotides (reviewed in
reference 8) and additional interactions between residues in
the helicase domain and the flanking sequences (36, 52, 58, 66,
70). In addition to nonspecific DNA binding and origin recog-
nition, the C terminus is also involved in subsequent helicase
activity and single-stranded DNA binding (81, 82). In view of
the importance of the C terminus-DNA interactions for viral
replication, we elected to further characterize the sequence

requirements for binding of the helicase domain to the SV40
origin. An additional reason for undertaking these experiments
is the possibility that they might further our understanding of
related interactions between the helicase domain and DNA.

Regarding the flanking sequence requirements for assembly
of T-ag on the viral origin, EMSA experiments were used to
identify the boundary regions necessary for efficient hexamer
assembly. Subsequent molecular modeling studies indicate that
a loop in T-ag centered on the highly basic (511KKHLNKR517)
motif is situated opposite the boundary regions. That this motif
might play an important role in DNA replication is supported
by previous mutagenesis studies (53), for instance, those that
characterized the Lys5163Arg mutation (42). While this con-
servative T-ag mutant bound to the core origin, it was defective
in replication. Moreover, T-ag molecules containing a deletion
of residues 507 to 510 did not support DNA replication in vivo
(71). In addition, Pro 522 is situated at the distal end of the
loop; the C11A T-ag mutation, Pro5223Ser, was markedly
reduced in its ability to bind single-stranded DNA and partial
duplex helicase substrates (48). Also of interest is that this
basic finger is in close proximity with the P-loop, the ATP
binding site (39). Thus, the conformation of the basic finger
could be regulated by ATP hydrolysis. A similar juxtaposition
of the ATP and DNA binding motifs has been found in pro-
karyotic helicases (see e.g., references 18, 38, and 63). These
and related observations (see, e.g., the data summarized in Fig.
5) support the hypothesis that the basic finger in T-ag is critical
for binding to the boundary region and for DNA replication.

FIG. 7. Determination of how much of the EP-rich region is required for efficient double-hexamer formation on derivatives of the 64-bp core
origin. (A) DNA substrates used in this set of experiments. The 64-bp core origin oligonucleotide is the only molecule presented; however, the
numbers with asterisks indicate the ends of additional oligonucleotides generated as a result of progressive truncations of the EP. The boundary
regions associated with pentanucleotide 1 (solid rectangle) and pentanucleotide 2 (dotted rectangle) are indicated. (B) Band shift reactions
conducted with the indicated oligonucleotides in the presence of AMP-PNP. The reactions in lanes 2, 5, 8, 11, and 14 were conducted in the
presence of T-ag (6 pmol), and those in lanes 3, 6, 9, 12, and 15 were conducted with T124A (6 pmol). The reactions in lanes 1, 4, 7, 10, and 13
served as protein-free controls. The positions of T-ag hexamers (H) and double hexamers (DH) are indicated.
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The relatively small size of the basic finger, and thus its limited
contact with the flanking sequences, may help to explain why
footprints were not detected in previous in situ footprinting
assays using phenanthroline-copper ion (33). Finally, sequence
alignment using the program DIALIGN 2.2 revealed that the
residues centered on the 511KKHLNKR517 motif are con-
served in many other initiators from the Papovaviridae viral
family (e.g., polyomavirus large T-ag and human Bk and JC
[data not shown]). Furthermore, a nonspecific DNA binding
activity is present in the helicase domain of papillomavirus E1
(references 69 and 78 and references therein). Therefore, a
number of viral initiators may rely on basic fingers, or similar
motifs, for origin recognition.

It is of interest to consider possible features of the boundary
region-basic finger interactions. It was previously established
that nonspecific contacts with the sugar-phosphate backbone
are important for the T-ag–flanking sequence association (2,
58, 59, 66). Of considerable additional interest is that the four
boundary regions overlap four patches of phosphate residues

previously shown to be required for T-ag binding (two in each
flanking sequence, with each pair arranged on opposite
strands) (58). Related experiments demonstrated, however,
that the levels of hexamer and double hexamer are significantly
decreased on derivatives of the core origin containing transi-
tion mutations in the flanking sequences (references 2 and 66
and data not shown). Therefore, in addition to contacts with
the sugar-phosphate backbone, T-ag assembly depends upon
other properties of the flanking sequences. One likely property
is suggested by the observation that diethyl sulfate, an agent
that ethylates guanines at the N-7 (major groove), interfered
with T-ag’s interactions with the EP (58). The two main sites of
ethylation were at guanines situated at positions 5213 and
5216; similar conclusions were derived from methylation pro-
tection studies (7, 51). As shown in Fig. 4A (top model depict-
ing the 48-bp p1 � EP oligonucleotide), guanine 5216 lies
within the boundary region associated with pentanucleotide 1,
while guanine 5213 lies just outside this region. These obser-
vations provide additional evidence that major groove contacts

FIG. 8. Contrasting of the protein-DNA interactions required for T-ag and T124A double-hexamer formation. (A) A model of the interactions
that take place during the docking of two T-ag monomers, phosphorylated on Thr124, to pentanucleotides 1 and 3 (66, 73). The A1 and B2 loops
within the two origin binding domains (TBD) are bound to the pentanucleotides (double triangles). The helicase domain associated with T-ag
bound to pentanucleotide 1 is shown making contact with its boundary region via its basic finger (rectangle-triangle interaction). In contrast, the
second helicase domain, associated with T-ag assembled on pentanucleotide 3, has a lower affinity for its associated boundary region. This may stem
from the orientation of the pentanucleotide 3 boundary region in a manner that prevents interactions with the major groove (Fig. 4B).
Protein-protein interactions between the origin binding domains are symbolized by the solid triangles. (B) A model of the protein-DNA
interactions that take place when two monomers of the T124A mutant dock to pentanucleotides 1 and 3 (66, 73). In contrast to T-ag, two basic
finger-boundary region interactions are necessary for assembly (the symbols for the protein-DNA interactions are the same as in panel A).
Furthermore, relative to T-ag, it is proposed that fewer protein-protein interactions take place between the two T-ag-obds and J domains, a
proposal in keeping with previous studies (47, 76). Finally, T-ag double hexamers were reported to span �230 Å (73), corresponding to �68 bp
of B DNA. Consistent with this estimate, previous DNase I footprinting studies indicated that double hexamers protect a region slightly larger than
the 64-bp core origin (6). Moreover, these estimates are in reasonable agreement with predictions of the size of the double hexamer (�230 Å [�68
bp]) based on doubling the dimensions of the hexamer (Fig. 5) (�115 Å [�34 bp]).
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with the boundary regions play an important role in T-ag
assembly. In addition, the finding that the flanking sequences
in the SV40 core origin undergo conformational changes upon
T-ag binding (reviewed in references 5, 9, 25, and 61) suggests
an additional property. Indeed, the site in the EP that is melted
by T-ag (7, 51) overlaps the boundary region associated with
pentanucleotide 1 (Fig. 5), and it was previously proposed that
the primary function of the AT-rich and EP regions is not to
promote binding but to undergo structural changes required
for the initiation of DNA replication (4). As previously noted,
the purified T-ag-obd site specifically binds to the core origin
(34, 36) but does not catalyze structural distortions in the
flanking sequences (36), further evidence that the structural
distortions in the flanking sequence require interactions with
the helicase domain. In light of these observations, it is pro-
posed that basic finger-boundary region interactions play a
critical role in the induction of the conformational changes in
the flanking sequences. Consistent with this proposal, studies
with many other DNA binding proteins have demonstrated
that variations in their target flanking sequences influence pro-
tein-DNA interactions by affecting DNA conformation rather
than by altering particular protein-base or protein-phosphate
contacts (reviewed in reference 32).

T-ag assembly and the induction of the structural distortions
in the flanking sequences are coupled processes. However, the

exact stage in the assembly process at which the distortions
take place is not known. Our experiments demonstrate that the
flanking sequence distortions can be detected on plasmid sub-
strates that support only hexamer formation. Therefore, the
structural distortions in the flanking sequences are early events
that do not require double-hexamer formation. Consistent with
this proposal, Parsons et al. reported that T-ag assembled on
the early (e.g., pentanucleotides 1, 2 � EP) and late (e.g.,
pentanucleotides 3, 4 and AT) halves of the core origin was
able to catalyze the distortions of the proximal flanking se-
quences (52). Whether the conformational changes in the
flanking sequences occur as a result of monomer binding, as a
result of hexamer assembly, or at some intermediate stage is
presently not known. Nevertheless, at some stage in the assem-
bly process, the basic finger-boundary region recognition in-
terface (32) is likely to play a role in the distortions in the
flanking sequences. Furthermore, recognition of the structur-
ally distortable sequences is probably coupled to the recogni-
tion of the GAGGC sequences by the A1 and B2 loops in the
T-ag-obd.

Relative to hexamer formation, the sequence requirements
for double-hexamer assembly are complex. When phosphory-
lated on Thr124 (30), the second hexamer oligomerizes in a
manner that is relatively independent of the presence of the
second flanking sequence (Fig. 6 and 7) (2, 66); thus, it has
reduced affinity for one of its associated flanking sequences
(modeled in Fig. 8A). It is proposed that much of the binding
energy necessary for formation of the second hexamer is
derived from protein-protein interactions with the initially
formed hexamer, a hypothesis supported by previous studies
(47, 76). In contrast, our studies with the T124A mutant indi-
cate that prior to phosphorylation of Thr124, the interactions
between the helicase domains and the EP and AT-rich regions
are maintained in each of the hexamers, a conclusion sup-
ported by previous experiments (2, 47). It follows that at non-S
phases of the cell cycle, two hexamers may assemble on the
core origin in a manner that preserves their independent sta-
tus. However, upon phosphorylation of Thr124, possibly by a
cyclin-dependent kinase (25), one of the hexamers releases its
nonspecific interactions with the flanking sequence and ini-
tiates critical protein-protein interactions with the second hex-
amer. Finally, since double hexamers prefer to assemble on
pentanucleotides 1 and 3 (33, 66), it is of interest that the
pentanucleotide 1 boundary region is associated with a major
groove while the pentanucleotide 3 boundary region is associ-
ated with both major and minor grooves (Fig. 4B). Therefore,
relatively low affinity of the basic finger for the pentanucleotide
3 boundary region may help to explain the results summarized
in Fig. 8A.

How the double hexamer assembled on the core origin is
able to catalyze the replication protein A- and topoisomerase
I-dependent formation of the unwound species termed form U
(10, 14, 20, 80) has yet to be determined. It was previously
reported that while double-hexamer formation requires only
two pentanucleotides (e.g., pentanucleotides 1 and 3), DNA
unwinding requires all four (13, 33, 66). Therefore, at some
stage in the assembly process, the double hexamer must engage
the second pair of pentanucleotides (e.g., pentanucleotides 2
and 4) and their associated flanking sequences. One possibility
is that initiation of DNA unwinding requires oscillating con-

FIG. 9. pSV01�EP mutants, containing single pentanucleotides,
are able to catalyze T-ag-dependent structural changes in the core
origin. T-ag (1 �g) was incubated under replication conditions with
pSV01�EP(core) (lane 2), pSV01�EP(p 4) (lane 4), pSV01�EP(p 3)
(lane 6), pSV01�EP(p 2) (lane 8), pSV01�EP(p 1) (lane 10), and
vector alone (control). Reactions in the odd-numbered lanes were
conducted with the indicated plasmids in the absence of T-ag. After
treatment with KMnO4, the sites of oxidation were probed by primer
extension reactions with a 32P-labeled oligonucleotide (see Materials
and Methods). The primer extension products were analyzed by elec-
trophoresis on a 7% polyacrylamide gel containing 8 M urea. The
locations of the EP, site II, and AT-rich regions are shown on the right.
It is noted that the control reactions conducted with the pSV01�EP
control mutant, containing transition mutations in all four pentanucle-
otides (lanes 12 and 13), lack significant structural distortions in the
AT-rich and EP regions. However, a T-ag-independent distortion was
detected over the mutant pentanucleotides. The basis for the structural
distortion over this region is not currently understood. Finally, we are
also uncertain about the cause(s) of the relatively low levels of distor-
tions detected in the distal flanking sequences (lanes 4, 6, and 8) or the
more substantial distortions in the distal flanking sequences associated
with the pentanucleotide 1-containing substrate (lane 10).
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tacts between pairs of pentanucleotides and flanking se-
quences. It is also possible that retrograde movement of do-
mains within a single hexamer (this study) or between double
hexamers (24, 39) generates torque necessary for propagation
of the initial structural distortions. Upon completion of assem-
bly and ATP hydrolysis, basic fingers not bound to DNA (e.g.,
those in the second hexamer) could engage DNA in a non-
sequence-specific manner. Indeed, given the orientation of
T-ag double hexamers on the core origin (Fig. 8) (73) and
evidence that the DNA is actively spooled through the double-
hexamer helicase (see, e.g., references 1, 64, and 77), it is
possible that residues in the basic finger play a role in moving
DNA towards the center of the complex. This component of
the T-ag helicase cycle would depend upon non-sequence-
specific interactions with DNA, a known feature of residues
located in the helicase domain (40).
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